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Active Damping Based on Decoupled
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Abstract—Robust stability of controlled mechanical systems is
often obtained using collocated actuator-sensor-pairs. Collocation
enables the implementation of a passive control law, which is ro-
bustly stable, irrespective of structural modeling errors. Within
the context of vibration control, this knowledge is used to obtain
robust active damping. However, collocated control is inherently
in terms of “local” coordinates, whereas vibration analysis is usu-
ally in terms of “modal” coordinates. Therefore, modal decoupling
of the collocated control loops is required. It is shown that, under
mild conditions, transformation of the control problem from local
into modal coordinates yields control loops that again enable the
implementation of passive and thus robustly stable control laws.
The presented theory is illustrated by means of experiments on the
six-degrees-of-freedom (DOF) actively controlled lens suspension
within a micro-lithography machine.
Index Terms—Active damping, decoupled control, integral force
feedback, micro-lithography, modal control, multiple-input–mul-
tiple-output (MIMO) collocated control, vibration control.
I. INTRODUCTION
ONE OF THE main problems in feedback control is toensure stability. This is especially a problem in lightly
damped mechanical structures, in which the objective of active
control is usually to add damping to a limited number of harmful
vibration modes. Due to the low initial damping of the structure,
any model-based feedback controller may easily destabilize vi-
bration modes that are not captured by the model used for con-
troller design [1].
The general way to prevent instability is to use collocated ac-
tuators and sensors: The feedback signal for an actuator is ob-
tained by processing the signal from a sensor at the same loca-
tion. This approach, referred to as “collocated control” [1] or
“direct output feedback” [2], enables the implementation of a
passive control law, i.e., a control law that can only inject a finite
amount of energy into the mechanical structure. The closed-loop
system will then never turn unstable, irrespective of possible
structural modeling errors. Collocated actuator-sensor-pairs are
therefore ideally suited for implementing robustly stable active
damping [3], [4]. In addition, collocated control is rather simple
in practice: Controller design typically boils down to firstly mea-
suring the open-loop frequency response for each collocated ac-
tuator-sensor-pair, and subsequently tuning for each pair a few
intuitive controller parameters [1], [5].
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Vibration problems in a mechanical structure are usually an-
alyzed in terms of the modes of vibration of the structure. Each
vibration mode is characterized by a natural frequency, a mode
shape and a corresponding modal coordinate [6]. As the goal
of active vibration control often is to add damping to several
harmful vibration modes, it is desirable to perform controller
design in terms of these modes, i.e., in terms of the associated
modal coordinates. This approach is generally referred to as
modal control [2]. Collocated control, however, is not in terms
of these modal coordinates, but inherently in terms of local co-
ordinates, i.e., in terms of variables describing the behavior of
the individual actuator-sensor-pairs.
Here, we examine the combination of these two distinct
approaches to structural control: modal control and collo-
cated control. Such a combination has been proposed by,
e.g., [7]–[10]. The basic idea has been to first perform modal
decoupling, i.e., to transform the control problem from local
coordinates into modal coordinates, by means of a proper
model of the mechanical structure, and to apply a passive
modal control law subsequently. The passivity of modal control
in combination with the model-based transformation renders
robust stability for unmodeled vibration modes.
In the previously cited works, controller design has been
based on a detailed mathematical model of the mechanical
structure. In practice, such a model is hard to obtain and,
hence, structural modeling errors may occur in the coordinate
transformation. Main contribution of this paper is that we
show that, under mild conditions, the desirable properties of
modal control (realization of modal damping) and of collocated
control (robust stability) may also be retained in case controller
design is based on an intuitive kinematic model rather than a
detailed dynamic model. The practical value of this extension
is underlined by means of active damping experiments within
an industrial micro-lithography machine.
Outline: In Section II, we describe the vibration problem in
the machine at hand, and we show how actuators and sensors
have been incorporated in the frame of this machine. In Sec-
tion III, active damping is illustrated for a single collocated ac-
tuator-sensor-pair, both in theory and by experiment. Section IV
then deals with the theory behind modal active damping, and
in Section V we discuss experimental results obtained with the
control approach presented in this paper.
II. ACTIVE LENS SUSPENSION
The active damping application we will consider in this paper
is the advanced micro-lithography machine referred to as “wafer
stepper,” which is at the heart of integrated circuit (IC) manu-
facturing. Micro-lithography is used to transfer a circuit pattern
1083-4435/$20.00 © 2005 IEEE
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Fig. 1. Simplified view on micro-lithography.
from a photomask to a slice of silicon referred to as the “wafer,”
from which the ICs are cut out in the end. The circuit pattern
is projected onto the wafer through a carefully constructed lens,
which is in fact a complex system of stacked lenses (Fig. 1). The
most important variable to control in the lithography process is
the line width of the circuitry, as this width has direct impact on
the final IC speed and performance. The current IC line width
is about 0.1 m.
A. Lens Vibrations
One of the possible future bottlenecks in decreasing the line
width, and thus in the miniaturization of ICs, is caused by badly
damped micro-vibrations of the lens of the wafer stepper. Up till
now, micro-vibration problems within high-precision machines
could often be solved by means of adequate isolation of the
equipment from the floor, through which most of the disturbing
vibrations enter. However, once the equipment is sufficiently
isolated from floor vibrations, another disturbance source be-
comes dominant: acoustics. It is practically impossible to come
up with isolation means for acoustic vibrations. Damping of the
lens vibrations by passive treatments has also turned out to be
practically impossible. For these reasons, it has been tried to
equip the lens support of a wafer stepper with so-called “Smart
Discs” [11], which consist of a piezoelectric position actuator
and a collocated piezoelectric force sensor, so as to enable ro-
bust active damping (see the next section).
In order to have a close look at the troublesome vibrations
of the lens in the wafer stepper, Fig. 2 schematically depicts
the parts of the wafer stepper that are important to us. Besides
the lens, this figure shows the main-plate, which serves as a
positional reference for all other parts of the machine. The main-
plate is resiliently isolated from the floor, both passively and
actively, by means of three so-called airmounts. The lens is held
in a flange, which is connected to the main-plate by means of
three symmetrically located (passive) lens support blocks, only
two of which are in sight in Fig. 2.
The lens support blocks are “simple” steel blocks, equipped
with flexure hinges, designed as much as possible according to
kinematic design principles, in order to prevent the position of
the lens being overconstrained. As a consequence, the overall
stiffness of the lens suspension, and the related resonance fre-
quencies of the machine, can not be increased infinitely.
The two lowest vibration modes of the lens are referred to
as the joystick-modes. They correspond to rotation of the lens,
relative to the main-plate, around two perpendicular axes in the
plane of mounting [Fig. 3(a)]. The joystick-modes are mainly
due to the limited vertical stiffness of the lens support blocks.
In the sequel we will refer to these modes as and (rotation
around the and axis).
Fig. 2. Simplified view on the lens suspension of a wafer stepper.
Fig. 3. Dominant vibration modes of the lens relative to the main plate
(“suspension modes”).
Two other suspension modes of the lens are referred to as
the pendulum-modes. In these modes, the lens moves approxi-
mately horizontally with respect to the main-plate in the plane
of mounting [Fig. 3(b)]. The pendulum-modes are mainly due
to the limited tangential stiffness of the lens support blocks. In
the sequel, we will refer to these modes as and (transla-
tion, more, or less, along the and axis).
The final two suspension modes of the lens (not shown in
Fig. 3) are rotation around the axis and translation along the
axis, in the sequel referred to as and .
B. Piezo Active Lens Mount (PALM)
In order to be able to damp the six suspension modes men-
tioned above, the lens support blocks have been equipped with
piezoelectric actuators and sensors in two perpendicular direc-
tions [5]. A picture of the resulting Piezo Active Lens Mount
(PALM) is shown in Fig. 4. The PALM consists of a so-called
“flexure block” ( [mm ]), in which two
piezoelectric actuator-sensor-stacks (
[mm ]) have been glued.
The monolithic steel flexure block is symmetric with respect
to the vertical axis. It has been equipped with
• two so-called “accordion springs,” designed so as to be
slightly in tension after gluing of the piezoelectric stacks,
in order to provide a compressive elastic preload force for
the piezoelectric stack;
• four flexure hinges, providing the required elastic degrees
of freedom between the upper and the lower part of the
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Fig. 4. Piezo Active Lens Mount (PALM).
flexure block, so as to relief the piezoelectric stacks from
shear and tilt forces.
The actuator-sensor-stacks both consist of three piezoelectric
layers cooperating so as to serve as a position actuator (max-
imum stroke 135 [nm]) and a separate piezoelectric layer that
is used as a force sensor. The black arrows in Fig. 4 indicate
the direction along which the actuator may expand, and along
which the force is measured. Upon in-phase actuation of the
stacks, the PALM slightly expands (in vertical direction) and
upon out-of-phase actuation of the stacks, the upper part of the
PALM will shear (in horizontal direction) with respect to the
lower part. Similarly, the sum of the signals at both sensors is a
measure for the vertical force, whereas the difference is a mea-
sure for the (horizontal) shear force.
The location of the three PALMs and the six piezoelectric
stacks is indicated in Fig. 3. In-phase vertical actuation of all
three PALMs causes vertical movement of the lens. More so-
phisticated vertical actuation will also result in relative tilt of the
lens, enabling control of the joystick-modes. Similarly, in-phase
horizontal actuation of all three PALMs will cause rotation of
the lens around the vertical axis, whereas more sophisticated
horizontal actuation will also cause translation of the lens in the
horizontal plane, enabling control of the pendulum-modes.
III. LOCAL ACTIVE DAMPING
The advantage of collocated actuator-sensor-pairs can be
clarified with help of the notion of a power port [12]. A power
port in a mechanical structure is an interface between two parts
of the structure through which the two parts can exchange
power. A power port is characterized by two power-conjugated
(or “dual”) port variables, a force and a velocity, the product
of which denotes the instantaneous power flowing between the
two parts.
A. Collocation and Duality
In addition to defining a power port between two parts of a
mechanical structure, it is also possible to define a power port
between a mechanical structure and an active control system. To
that end the actuator and sensor need to be collocated and dual,
i.e., the actuator and sensor need to be at the same physical lo-
cation and the associated signals need to constitute a power port
between the active control system and the mechanical structure.
The nice property of collocated and dual actuator-sensor-pairs
is that these enable control of the power that is supplied to the
mechanical structure by the active control system.
Fig. 5. Illustration of passive control for a single actuator-sensor-stack.
Moreover, a collocated and dual actuator-sensor-pair enables
the implementation of a so-called “intrinsically passive” control
law, designed such that only a finite amount of energy can be
supplied to the mechanical structure. As the mechanical struc-
ture itself is also passive, application of a passive control law
yields a passive, and thus robustly stable controlled system. In
case the control law is designed such that energy can only be
extracted from the mechanical structure, the control system is
said to be “dissipative” [13].
B. Integral Force Feedback
In order to illustrate the concept of active damping, we will
first consider a single actuator-sensor-stack within a general me-
chanical structure (schematically depicted in the upper part of
Fig. 5). The stack is modeled as a stiffness element in series
with a force sensor and a position actuator, embedded in a me-
chanical structure. The elastic force that is present in the stack is
measured ( ; positive if compressive) and fed to the controller
, which in turn should generate a desired position for the
actuator ( ; positive if in expansion), so as to damp the mea-
sured vibrations.
Note 1: The position actuator in Fig. 5 represents the desired
elongation, i.e., the elongation of an unloaded actuator. The true
elongation of the actuator-sensor-stack also depends on the me-
chanical conditions, i.e., on the stack stiffness and the exter-
nally applied force
(1)
Note 2: The signal that is available for control is given by the
difference between a “reference” force and the measured force:
. The (zero) reference signal is included in
the control scheme so as to have an explicit summation point at
which the feedback signal enters with a minus sign.
In Fig. 5, the controller (relating the measured force to
the actuated position) is intrinsically passive if the transfer func-
tion (relating the measured force to the actuated
velocity ; see the close-up of in Fig. 5) is positive real,
i.e., if the Nyquist contour is in the right-half of the com-
plex plane. The simplest positive real transfer function is given
by . The controller then reads
(2)
Because the only dynamics in the controller is due to
the integrator, this straightforward active damping strategy is
referred to as integral force feedback (IFF) [14], [1], [5].
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1) Energy-Based Interpretation: It can easily be seen that,
upon application of IFF, the power that flows from the controller
to the mechanical structure is never positive
Power
(3)
The controller will thus never inject energy into the mechan-
ical structure; it can only extract energy. The IFF control law
may be given a simple mechanical interpretation: As it imposes
a linear relation between a force and a collocated velocity, it ef-
fectively implements the behavior of a viscous damper (valued
) [5].
Note: In practice, in order to prevent actuator saturation for
low frequencies, a leaking integrator is used rather than a pure
integrator [1]. This, however, does not affect passivity [5].
2) Root-Locus Analysis: In order to take, in addition to the
energy-based interpretation, a brief look from the perspective of
controller design, consider the frequency response that is avail-
able for control:
(4)
In the absence of structural damping, the pole-zero-map of
this response is characterized by poles and zeros on the imagi-
nary axis. Moreover, for a collocated actuator-sensor-pair, it can
be shown that this response is characterized by an alternating
pole-zero-pattern [1], [15]. This is shown in Fig. 6 for a me-
chanical structure with two vibration modes (i.e., two pairs of
poles and zeros). By adding an extra pole in the origin (the in-
tegrator in the feedback loop), all branches of the root-locus are
drawn into the left-half of the -plane, which implies that all res-
onances are damped (robustly, as hardly any model knowledge
has been used).
In Fig. 6, the location of the closed-loop poles is shown for
two values of the feedback gain: and
(with some constant), indicated, respectively, by the triangles
and by the stars. It can be seen that initially, up to a certain
level, a higher feedback gain yields higher damping. Beyond
this level, the closed-loop poles move toward the open-loop
zeros on the imaginary axis, and damping decreases again.
3) Maximizing Damping for a Single Vibration Mode: If the
plant frequency response (4) is dominated by a single vibration
mode, the (open) loop gain transfer function of the mechanical
structure in series with the IFF-controller can be denoted by
(5)
with
• the resonance frequency of the dominant vibration
mode;
• the dominant antiresonance frequency ,
corresponding to the dominant resonance frequency of the
mechanical structure if the actuator-sensor-stack were re-
moved from the structure [1];
• the overall open-loop gain, i.e., the product of the
feedback gain and the high-frequency level of
.
Fig. 6. Example of the root-locus upon application of IFF.
It can be shown [16] that the maximum achievable modal
damping in this case is given by (for )
(6)
which is obtained for
(7)
It should be noted here that, for increasing feedback gain,
whereas initially the damping increases, the effective stiffness
of the mechanical structure decreases. Tuning of an IFF-con-
troller thus involves balancing of a “damping-versus-stiffness”
tradeoff. Optimal balancing of this tradeoff in general does not
correspond to maximization of the damping, but rather to tuning
the open-loop gain to a level between 20% and 80% of
[5].
C. Local IFF Applied to a PALM
In order to examine to what extent the above (single-mode)
theory applies to the PALMs in the wafer stepper lens support,
several frequency responses have been determined experimen-
tally, by applying band-limited white noise excitation to an ac-
tuator amplifier and by measuring (using a charge amplifier) the
generated piezoelectric charge at the sensor. Fig. 7 shows a typ-
ical measured collocated response (voltage in, voltage out), for a
single actuator-sensor-stack. Due to the symmetry in the setup,
all collocated responses are rather similar. It can be seen that the
response is not dominated by a single vibration mode. Instead it
consists of the contribution of multiple modes, the most impor-
tant of which have been found to be
• a joystick mode (the high peak at about 70 Hz; the other
joystick mode is unobservable from this stack);
• a pendulum mode (one of the high peaks at about 170 Hz;
the other pendulum mode again is unobservable);
• the vertical translation mode (at about 170 Hz, close to the
pendulum modes);
• the rotation mode around the axis (the high peak at about
260 Hz).
From Fig. 7, collocation can clearly be observed, by the al-
ternating pattern of resonance and anti-resonance frequencies.
From the phase plot, which in theory is bounded between 0
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Fig. 7. Typical collocated response for a single actuator-sensor-stack.
Fig. 8. Gain plot of a typical noncollocated response.
and 180 , it can however be seen that stability (upon applica-
tion of IFF) may in practice be endangered by the additional
phase lag for high frequencies. This phase lag is due to the am-
plifier electronics for the actuator and the sensor in the PALM.
This implies that in practice, upon closing a collocated control
loop, closed-loop stability should always be checked from the
open-loop response.
In order to examine the difference between a collocated re-
sponse and a noncollocated response, consider Fig. 8, which
shows the measured response between the actuator in stack no.
1 and the sensor in stack no. 2. In this plot it can clearly be seen
that the beneficial alternating pole-zero pattern is not present in
the response between an actuator and a sensor that are noncol-
located.
Furthermore, from both Figs. 7 and 8, it can be seen that, in
addition to the six suspension modes, the dynamic behavior of
the wafer stepper is affected by many more vibration modes. De-
spite the fact that these modes are not dominant, the presence of
these modes, in combination with the lack of damping, consider-
ably complicates model-based controller design. If these modes
are not accounted for in the controller design, they may easily
give rise to closed-loop instability [1].
As explained in the previous section, instability due to un-
modeled modes does not occur for active damping based on
local IFF-control. In Fig. 9, we have shown the effect of IFF
(implemented on a dSpace controller board) applied to a single
piezoelectric stack, for two values of the feedback gain (left plot:
Fig. 9. IFF applied to a single piezoelectric stack.
, right plot: ; the cutoff frequency for
the leaking integrator was set at 1 [Hz]). A higher gain obviously
results in a higher gain for the (open) loop transfer function, as
indicated by the dash-dotted curves in the upper plots in Fig. 9.
Closing the feedback loop “flattens” the part of the response that
is above 0 dB, and yields the closed-loop response as indicated
by the solid curves. It can be seen that for a higher gain, the res-
onance peaks are lifted higher, and thus “flattened” more upon
closing of the loop.
Closed-loop stability can easily be checked from the (open)
loop gain by means of the dashed lines in the Bode plots. At
about 800 Hz. the phase drops below , which implies that
beyond this frequency the magnitude of the loop gain should be
kept below 0 dB. For the two values of the gain considered, it
can be seen that the closed-loop is stable indeed.
IV. MODAL ACTIVE DAMPING—THEORY
The main benefit of IFF has been stated to be robust sta-
bility due to collocation. The main drawback of this local con-
trol approach, however, is that it is not straightforward to tune
the gain for each individual IFF controller, so as to achieve op-
timal damping for the various vibration modes of the mechanical
structure. For the example of the wafer stepper lens suspension,
it would be desirable to have a SISO control loop available for
each of the six suspension modes, such that the damping for
each individual mode can be tuned independently (by means of
the guidelines presented before). To that end, modal decoupling
is needed.
Perfect modal decoupling would require a detailed model of
the dynamic behavior of the mechanical structure, capturing
at least the vibration modes of interest. However, as we have
seen in Figs. 7–9, the mechanical structure may exhibit far more
modes than the vibration modes of interest. This makes it practi-
cally impossible to perform perfect decoupling. Decoupling can
at best be based on an approximate model of the mechanical
structure. The problem with active control that is based on such
an approximate model, is that it may lead to instability of vibra-
tion modes that are not modeled correctly. For that reason, it is
worthwhile to investigate the possibility to design an IFF-like,
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intrinsically passive controller for each vibration mode of in-
terest, such that, even if decoupling is not perfect, closed-loop
stability can still be guaranteed.
A. Multiple-Input–Multiple-Output (MIMO) Collocated
Control
In order to examine the possibilities of performing intrin-
sically passive decoupled control, we will consider the gen-
eral case that we have available collocated and dual actuator-
sensor-pairs for damping an equal number of vibration modes of
interest. Instead of the SISO control problem depicted in Fig. 5,
we thus have a MIMO control problem (see Fig. 10, in which
the zero reference forces have been left out) with
• the -dimensional column vector of actuator signals;
• the -dimensional column vector of sensor signals,
the th sensor being collocated with the th actuator;
• the transfer function matrix describing
the mechanical structure
(8)
with the transfer function from the actuator in
the th stack to the sensor in the th stack
(9)
• the MIMO feedback control law (in local terms)
(10)
The MIMO plant, with its collocated and dual actu-
ator–sensor pairs, of course is still passive, in the sense
that the (inner) product of the actuated velocities and the mea-
sured forces still represents the instantaneous power that flows
from the controller to the mechanical structure, similar to (3)
Power (11)
In Section III-B, it was stated that, in order to have an in-
trinsically passive and thus robustly stabilizing controller for
the single-input–single-output (SISO) case, the transfer func-
tion should be positive real. This condition is
generalized to the MIMO case as follows.
Condition 1: “Passivity of MIMO Collocated Control”: In
order for the MIMO controller in Fig. 10 to be in-
trinsically passive, the transfer function matrix
should be positive real. (For the mathematical de-
tails on positive realness of transfer function matrices, see, e.g.,
[17].)
The simplest example of a positive real transfer function ma-
trix is a diagonal matrix, with all diagonal elements positive real.
This particular case corresponds to the situation of having in-
dependent local SISO intrinsically passive controllers (so-called
“decentralized” control).
1) Approximate Modal Decoupling: In contrast to the
simple, “local” control approach as described above, in order
to perform modal damping, we will first transform the control
problem into modal coordinates (see Fig. 11). Such a transfor-
mation can be described by a decoupling matrix , relating
Fig. 10. MIMO collocated control problem.
Fig. 11. Approximate modal decoupling.
the local coordinates to the coordinates corresponding to the
so-called “targeted” vibration modes
(12)
(13)
with
• the vector of targeted modal displacements;
• the vector of elastic forces associated to the targeted
vibration modes.
The transfer function matrix describing the decoupled me-
chanical structure is given by [compare (8)]
(14)
The control law in modal terms then reads [compare (10)]
(15)
As argued at the start of this section, we would like to design
a SISO control law for each individual targeted vibration mode,
thus ending up with the matrix being diagonal (see
Fig. 11). Ideally, the th component of the diagonal controller
matrix should only affect the dynamics associated
to the th targeted vibration mode, leaving the dynamics of the
other vibration modes unaffected.
The ideal situation as described above will in practice never
occur; perfect decoupling is simply impossible. The decoupling
matrix in (12) and (13) can at best be based on an approximate
model of the mechanical structure.
However, there is one important condition we may pose on
the decoupling matrices and , namely that they im-
plement a “true” coordinate transformation.
Condition 2: “True Coordinate Transformation”: In order
to implement a “true” coordinate transformation
• should be invertible;
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Fig. 12. Closer look at the piezoelectric behavior and the electronic behavior of the plant.
• should be the exact (rather than an approximate)
transpose of .
2) Intrinsically Passive Modal Control: Irrespective of the
accuracy of the model upon which the coordinate transforma-
tion is based, the coordinate transformation itself (as long as
Condition 2 is met) does not affect the passivity of the mechan-
ical structure. This obvious fact can easily be verified by re-
garding the product of the velocities and the forces associated
to the decoupled mechanical structure
(16)
This equation simply states that the power flow from the con-
troller to the structure and, thus, the passivity of the mechanical
structure, is not affected by the coordinate transformation. This
implies that stability of the closed-loop system in Fig. 11 can
again simply be guaranteed by ensuring that the MIMO control
law in modal terms (15) is intrinsically passive. To this end the
following transfer function matrix should be positive real:
(17)
Once again, the simplest way to comply with this condition
is by choosing diagonal, with all diagonal elements
positive real. In addition to being simple, this approach is ex-
actly the one that is desirable from a modal analysis point of
view, as this approach boils down to designing a single SISO
controller for each th individual targeted mode (as
shown in Fig. 11). Intrinsic passivity of the overall MIMO con-
trol law is simply ensured by taking care that all individual SISO
controllers for the targeted vibration modes are intrinsically pas-
sive.
3) Practical Consequence: Summarizing the aforemen-
tioned observations, we may state the following.
Result: “Passivity of Decoupled Collocated Con-
trol”: Stability of intrinsically passive control, applied to
decoupled collocated and dual actuator–sensor-pairs, based
on a true coordinate transformation, does not depend on the
accuracy of the model that has been used for decoupling.
The knowledge that a true coordinate transformation does not
affect the passivity of a control scheme, can conveniently be
used in practice. In the context of the wafer stepper, for example,
decoupling of the six collocated control loops may be performed
on the basis of a model in which the lens and the main-plate
are simply assumed to be rigid bodies. Unmodeled vibration
modes of the structure, for example, internal modes of the lens
or the main-plate, will not be destabilized by the application
of intrinsically passive control laws to the decoupled collocated
control loops.
The important practical consequence of this is that stability
can hardly be endangered by performing decoupling. Hence, de-
coupling does not have to be perfect. In order to be able to use
the guidelines for designing IFF-control for single-mode vibra-
tion (Section III-B), it is thus sufficient to perform decoupling
“rather well.”
B. Actuator and Sensor Gain Conditions
Though the result of the previous section is of significant im-
portance in practice, it should be stressed here that the entire
analysis has been based on the mechanical variables associated
to the actuators and sensors. In practical control systems how-
ever, the signals that are available for the controller are not the
mechanical variables themselves, but rather electrical signals
that are a measure for these mechanical variables.
1) Decoupling of an Electro-Mechanical Plant: The fact
that we have to deal with an “electro-mechanical” plant, rather
than with a purely mechanical structure is illustrated in Fig. 12.
Here, we have explicitly modeled the piezoelectric behavior
as well as the amplifier (or signal conditioning) electronics
involved, for both the actuators and the sensors. In Fig. 12, we
have introduced the following symbols:
• a vector of internal controller signals, representing
the actuated displacements in terms of the targeted vibra-
tion modes;
• the vector of output voltages of the controller;
• a diagonal matrix representing the actuator ampli-
fiers; the th element on the diagonal denotes the
gain of the amplifier for the th actuator;
• the vector of output voltages of the actuator ampli-
fiers;
• a diagonal matrix representing the piezoelectric be-
havior of the actuators; the th element on the diagonal
is the charge constant of the th actuator;
• a diagonal matrix representing the piezoelectric be-
havior of the sensors; the th element on the diagonal
is the charge constant of the th sensor;
• the vector of electrical charges built up at the force
sensors;
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• a diagonal matrix representing the sensor charge am-
plifiers; the th element on the diagonal denotes the
gain of the amplifier for the th sensor;
• the vector of input voltages for the controller;
• a vector of internal controller signals, representing
the measured forces in terms of the targeted vibration
modes.
It should be noted that modeling of the piezoelectric behavior
as well as the electronic behavior is kept as simple as possible,
i.e., only by means of an effective gain, thus disregarding the
limited dynamics of these components (this issue was already
addressed briefly in Section III-C).
The transfer function matrix of the electro-mechanical plant,
as seen by the controller in Fig. 12, is given by
(18)
and the transfer function matrix of the decoupled plant, as seen
by the modal controller , is given by
(19)
For the actuators in Fig. 12, the effective decoupling matrix
(from the controller output signals in modal terms to actuator
displacements) reads
(20)
For the sensors, the effective decoupling matrix (from mea-
sured forces to the controller input signals in modal terms) reads
(21)
2) Actuator/Sensor-Gain-Ratio: For conservation of pas-
sivity, the two matrices (20) and (21) together should describe
a true coordinate transformation, according to Condition 2:
In addition to being invertible, the two matrices and
should be exactly the same (up to a certain scaling
factor ). This implies that the following should hold:
(22)
Let us denote the elements of the diagonal matrix on the left-
hand side by a single parameter
(23)
This quantity may be recognized as the ratio of the effective
actuator transduction gain and the effective sensor
transduction gain . We will therefore refer to this pa-
rameter as the “actuator/sensor-gain-ratio.”
From (22), the following condition can be derived.
Condition 3: “Equal Actuator/Sensor-Gain-Ratios”: In
order to be able to perform a true coordinate transformation,
each collocated actuator-sensor-pair should have the same
actuator/sensor-gain-ratio
(24)
with
• the transduction-gain-ratio of the th actuator-sensor-
pair (23);
• the scaling factor in (22).
3) Plant Transfer Function Matrix Symmetry: It can readily
be shown that the above condition is equivalent with saying that
(18) should be symmetric, i.e.,
(25)
The equivalence can be seen by first rewriting (25) as follows:
(26)
Because of collocation, the transfer function ma-
trix describing the mechanical structure is symmetric
, and (26) simplifies to
(27)
which is equivalent to (24) in Condition 3.
A practical approach to check the equality of the ac-
tuator/sensor-gain-ratios therefore is as follows. First, let
the scaling factor be determined by collocated actu-
ator-sensor-pair no. 1
(28)
Second, for all , check whether the actu-
ator/sensor-gain-ratio of the th piezoelectric stack equals
the actuator/sensor-gain-ratio of the first stack. This can be
done by checking the equality of the elements and
of the transfer function matrix of the electro-mechanical plant,
i.e., by determining the corresponding frequency responses and
checking whether the following equality holds (in terms of the
notation used in Fig. 12):
(29)
If these frequency responses are not equal, the plant transfer
function matrix is nonsymmetric, which implies that intrinsi-
cally passive decoupled control is not directly possible. In that
case, in order to be able to perform robust active modal damping,
symmetry of the plant transfer function matrix should be re-
paired by changing the transduction gain of either the actuator
or the sensor in the th stack.
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Fig. 13. Frequency response analysis (stacks 1, 2, and 3).
V. MODAL ACTIVE DAMPING—EXPERIMENTS
In this section, we will apply the theory from the previous
section to the actively supported lens of the wafer stepper. Modal
active damping will be performed in three steps
1) checking symmetry;
2) modal decoupling;
3) applying IFF to the decoupled control loops.
A. Symmetry Check
In order to be able to perform a true coordinate transfor-
mation, we know that the transduction-gain-ratios for the ac-
tuator-sensor-pairs should comply with Condition 3. Therefore,
we should examine the equality of frequency responses between
noncollocated actuators and sensors. As an illustration of this
procedure, for the example of the wafer stepper setup we will
examine four of the six actuator-sensor-stacks. The measure-
ment results are shown in Figs. 13 and 14.
The upper left plot in Fig. 13 shows the frequency responses
from actuator 1 to sensor 3 (solid) and from actuator 3 to sensor
1 (dashed). It can be seen that these responses are almost the
same. The equality of the responses can better be assessed by
regarding the difference between them (on a dB scale), which is
shown in the lower left plot of Fig. 13. Ideally, the response-dif-
ference would be flat and equal to 0 dB for all frequencies. The
difference, however, shows a lot of peaks and valleys. Never-
theless, if we disregard the spikes in the response-difference,
we see that within the frequency regions in which the difference
is quite flat, its level is approximately 0 dB. From this obser-
vation, we may conclude that the actuator/sensor-gain-ratio of
stack 3 closely matches the actuator/sensor-gain-ratio of stack
1: . In the right plots in Fig. 13, similar results
are shown for the responses between stack 2 and stack 3. Thus,
we may also conclude that .
Fig. 14 shows similar plots as Fig. 13, but now for the re-
sponses between stack 1 and 4 and between stack 2 and 4. From
the lower plots in Fig. 14 it can be seen that the flat parts of the
Fig. 14. Frequency response analysis (stacks 1, 2, and 4).
response-differences are below 0 dB. The response from actu-
ator 1 (respectively, 2) to sensor 4 is found to be about 2 dB
lower than the response from actuator 4 to sensor 1
(respectively, 2). The actuator/sensor-gain-ratio of stack 4 thus
does not match that of the other stacks: .
In order for stack 4 to comply with Condition 3, either the
actuator gain should be decreased, or the sensor gain
should be increased. For the experiments it was decided
to increase the sensor gain with a factor 1.3.
B. Modal Decoupling
The next step toward modal active damping is to perform (ap-
proximate) modal decoupling. For the case of the active lens
suspension we are interested in the six suspension modes de-
scribed in Section II-A: . To
that end, we have performed straightforward “intuitive” decou-
pling, in the sense that for the coordinate transformation
• we assumed rotational symmetry for the setup;
• we assumed the main-plate and the lens to be rigid bodies.
The transformation matrix as such
was built up of intuitive modal vectors , e.g.,
• the modal vector for ;
• the modal vector for .
The decoupled plant has been identified by subsequently
measuring (by means of white-noise excitation) 6 6 fre-
quency responses: , with . The
coordinate transformation has been implemented, similar as
the original IFF-control laws, on the dSpace controller board.
As an illustration of the decoupling result, Fig. 15 shows the
3 3-matrix of frequency responses associated to the two
joystick-modes and the rotation mode around the
axis . Let us first examine the diagonal elements in
Fig. 15, which may be referred to as the “decoupled collocated
responses”
• element (3, 3): The rotation mode around (at about
270 Hz) is nicely decoupled, as this ‘modal response’ is
hardly affected by other vibration modes;
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Fig. 15. Decoupled responses for the rotation modes.
• element (2, 2): The joystick-mode around (at about
70 Hz) is also well decoupled, though this ‘modal re-
sponse’ is slightly affected by some other vibration
modes;
• element (1, 1): The response targeted at the joystick-mode
around (at about 70 Hz), is strongly affected by other
vibration modes, due to dynamics of additional mechanics
that were connected to the main-plate.
From the off-diagonal elements in Fig. 15, it is clear that the
mutual influence between the various “decoupled” modes is not
negligible. This indicates that the decoupling, as it is performed,
is by no means perfect. This is not a severe problem, because
from the theory in Section IV we know that decoupling does not
have to be perfect in order to perform robust modal damping.
However, it should also be noted here that the transfer
function matrix of the decoupled system appears to be non-
symmetric—compare for example elements (1, 3) and (3, 1)
in Fig. 15. Based on the theory from Section IV, one would
expect symmetry. As yet, the reason for the lack of symmetry
is not clear, but it may well be related to the “spikiness” of the
measurement results in Figs. 13 and 14. A possible explana-
tion might be that the actuator/sensor-gain-ratios are still not
sufficiently equal for this purpose.
Despite this unexplained phenomenon, at the time of the ex-
periments, it was decided to nevertheless attempt to apply active
damping to the decoupled control loops.
C. Modal Integral Force Feedback
The main benefit of having available the decoupled responses
like shown in Fig. 15 is that each decoupled collocated response
now is dominated by a single resonance and a single anti-reso-
nance. This paves the way to apply IFF to each individual de-
coupled mode, and to tune the gain of each SISO IFF-controller
with help of the single-mode analysis in Section III-B, (5)–(7),
[5]. We will illustrate this approach for two of the decoupled
loops, namely for the joystick modes.
Fig. 16. Active damping applied to the joystick modes.
The (open) loop gain and the closed-loop response (similar
as in Fig. 9) are shown in Fig. 16. Based on these plots, we may
draw the following conclusions.
• Robust stability: Though the frequency response in the left
plots of Fig. 16 (targeted at the joystick-mode around the
axis) is affected by the contributions of various other
modes (other than the suspension modes and, therefore,
not present in the simple model that has been used for
decoupling), these modes do not destabilize the closed
loop. Stability of the closed-loop can easily be guaranteed
on the basis of the phase plot of the loop gain transfer
function (which should stay above ) as well as on
the gain plot, which should show an alternating pattern of
resonances and antiresonances.
• Modal damping performance: In the right plots of Fig. 16,
targeted at the joystick-mode around the axis, we can
clearly observe a dominant anti-resonance ( Hz)
and a dominant resonance ( Hz). Consequently,
the maximum achievable modal damping can easily be
calculated [using (6)]
(30)
Furthermore, from (5) and (7), it can be deduced that this
maximum is achieved when the upward-part of the loop gain
transfer function (between and ) crosses the 0 dB level ex-
actly halfway between and [5]. In the right plot in Fig. 16
(in contrast to the left plot), the 0 dB-crossing can be determined
unambiguously. From this plot, we may conclude that, in order
to achieve maximum damping for the joystick mode around the
axis, the feedback gain should be set a little bit lower.
VI. CONCLUSION
In this paper, we have proposed a straightforward approach to
perform robustly stable active damping. It is based on the use of
multiple collocated and dual actuator-sensor-pairs, in combina-
tion with an intrinsically passive MIMO control law (condition
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1 in Section IV-A). The MIMO control law can be split up in
two parts: A coordinate transformation and a set of independent
SISO control laws.
The purpose of the coordinate transformation is to come up
with so-called “decoupled collocated control loops,” associated
with the individual vibration modes to be damped. As long as
the coordinate transformation is assured to be true (Condition 2
in Section IV-A), it does not affect the passivity of the plant. A
practical problem in this respect may be due to unequal trans-
duction gains of the actuators or the sensors (Condition 3 in Sec-
tion IV-B). This situation can easily be identified and corrected
for in practice.
The main benefits of designing independent SISO control
laws for a set of decoupled control loops, associated to the tar-
geted vibration modes, are as follows.
• Robust stability: By designing SISO control laws for
(decoupled) collocated actuator-sensor-pairs, it is rather
straightforward to ensure passivity, and thus robust sta-
bility. To this end, decoupling does not have to be perfect.
Vibration modes, even in case these are not modeled
correctly, will not turn unstable.
• Modal damping performance: As long as decoupling is
performed “rather well,” each SISO control law affects
only a single vibration mode, such that the damping for
each mode can be tuned independently. The open-loop
frequency response of a decoupled collocated actuator-
sensor-pair, together with (5)–(7), provide a simple way
to balance the tradeoffs involved in controller design.
The active damping approach as proposed in this paper has
been evaluated experimentally for a practical industrial applica-
tion, namely the active lens suspension in a wafer stepper. The
experiments confirmed the benefits of the approach, in the sense
that the design of a MIMO controller is split up in a three-step
procedure that can easily be performed in practice, thus enabling
straightforward tuning of the various controller parameters.
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